Glenn P. Forney and William F. Moss

NIST

United States Department of Commerce
Technology Administration
National Institute of Standards and Technology




NISTIR 6190

A Method for Computing Heat Transfer Between
Connected Compartments in a Zone Fire Model

Glenn P. Forney
Building and Fire Research Laboratory
National Institute of Standards and Technology

William F. Moss
Department of Mathematical Sciences
Clemson University

July 1998
N
§ X %
* *
£ ey

$Targs of v

U.S. Department of Commerce

William M. Daley, Secretary

Technology Administration

Gary R. Bachula, Acting Under Secretary for Technology
National Institute of Standards and Technology

Raymond G. Kammer, Director



Contents

1 Introduction 1
2 Conduction - Inter-compartment heat transfer 2
2.1 OVEIVIEW . . . . o v e e e e e e e e e e 2

2.2 Theheatequation . . . ... ... ... ... ... ... 3

2.3 The discretized heat equation, the PRmethod . . . . .. ... ... .. .. 4

3 Radiation - Heat transfer between walls divided into horizontal strips 6
3.1 OVEIVIEW . . . o v v i e e e e e e e e 6

3.2 The Net Radiation Equation . . . ... ... ... ............. 7
3.2.1 Configuration Factor Calculations . . . . . ... ... ....... 9

3.2.2 Transmissivities. . . . . . . . .. ... Lo o 13

323 Solidangles. . . ... ... ... . ... 15

3.24 Computingthe sourceterm,c . . . . . .. .. ... ... ... 17

3.2.5 Radiant Heat Absorbedby GasLayers . . . . . .. ... ...... 18

3.3 SolutionProperties . . . .. ... ... ... ... . oo 20

4 RADSTRIPO - A simplified approach to computing radiation exchange 21
5 Summary 22
References 23
Acknowledgements 24
A Implementation of an Inter-compartment heat transfer algorithm. 25
Al DataStructures . . . . . . v v it e e e e e e e e e e e e e e e 25
A2 Algorithms . .. ... ... ... ... ... 26

B Implementation 26
B.1 DataStructures . . . . . . . . . o i i i i e e 26
B.2 Algorithms . ... ... ... ... .. ... e 27

iii



List of Figures

um—

W

[« <R

10

Computational Grid for the PR Method. . . . . . ... ... ... .. ..
Setup for radiation heat transfer calculation in a room whose walls are di-
vided into M horizontal strips. The faces or wall surfaces are labeled &,
f, r, b, | and d for top, front, right, back, left and down respectively. The
width, length and height of the compartment are given by W, L and H re-
spectively. The i’th strip from the top of the right face is given by 7;. Strips
for other faces are indicated similarly. . . . .. ... ... ... ... ...
Input and Output Energy Distribution at the k’th Wall Surface . . . . . ..

Configuration Factor Setup For Pairs of Parallel and Perpendicular Rectangles

Diagram illustrating the configuration factor identity, AgpFy—g = AcaFp—a,
where A,;, denotes the combined areas of surfaces a and b and A,y is defined
analogously. . . . . . . ...
Cross-sectional view of a compartment with wall surfaces j and k. The
path between j and k has length L. The portion of the path in the lower
layer has length L¥ and the portion in the upper layer has length LY.

Solid Angle Setup For an Arbitrarily Oriented Triangle . . . . ... .. ..
Solid Angle Setup For an Arbitrarily Oriented Triangle . . . . . ... ...
Schematic illustrating energy deposited into the upper layer, the lower layer
and arriving at the k’th wall surface due to the j'th wall surface. . . . . ..
Schematic illustrating energy deposited into the lower layer, into the upper
layer, and arriving at the k'th wall surface due to the f'thfire. . . . . . ...

iv

4

9



A Method for Computing Heat Transfer Between
Connected Compartments in a Zone Fire Model

Glenn P. Forney* William F. Moss'

Abstract

This note describes a method for calculating conductive heat transfer between con-
nected compartments in a zone fire model. The conduction problem is solved by di-
viding a compartment into six partitions corresponding to the floor and ceiling and the
front, right, back and left walls. The wall partitions are further divided into several
equally sized horizontal slabs or strips in order to approximate the vertical wall tem-
perature profile. Radiative and convective flux boundary conditions are computed for
the front and back surface of each partition/strip.

Some of the difficulties encountered when computing radiation exchange for large
numbers of wall surfaces are alleviated by taking advantage of symmetry and the nu-
merical characteristics of the linear system of equations that are solved. All strips
have the same height. Strips on opposite walls have the same width. Strips do not
change size with time. Using this information, the number of necessary configuration
factor and transmissivity factors are reduced substantially as is the computing time for
these factors. For wall surfaces that are nearly black/.e. emissivities close to one, the
system of equations to be solved (the net radiation equations) are strongly diagonally
dominant. Therefore iterative algorithms (analogous to ray tracing) rather than direct
methods such as Gaussian elimination can be used for determining the net radiative
fluxes.

1 Introduction

This note describes the theory and an implementation plan for computing inter-compartment
heat transfer in the zone fire model, CFAST[1]. Currently in CFAST 3.1.3, inter-compartment
heat transfer only occurs through the floor/ceiling of vertically connected rooms; horizontal

*Building and Fire Research Laboratory, National Institute of Standards and Technology, Gaithersburg,
MD 20899, U.S.A.
TDepartment of Mathematical Sciences, Clemson University, Clemson, SC 29634-1907, U.S.A.
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heat transfer (through vertical walls) only occurs to the outside. This report then documents
a method for computing heat transfer between connected compartments in a zone fire model
in both a horizontal and vertical direction.

Convective and radiative heat transfer terms serve as flux boundary conditions for the
heat conduction problem. Convection, radiation and conduction algorithms, therefore, need
to be designed consistently. Recent work[2] has demonstrated that by dividing a compart-
ment partition into a small number of strips, it is possible to calculate heat transfer between
connected compartments with sufficient accuracy. Unlike the upper and lower wall surfaces
presently used in the model, these strips remain fixed in size throughout a simulation.

The present method of computing radiation transfer! [3, 4], is no longer suitable for
modeling radiative heat transfer in a room with wall strips (unless the wall strip tempera-
tures are lumped together to match the input that is expected by this present method) since
the number of independent wall surfaces has increased. Two algorithms, RADSTRIP and
RADSTRIPO, are then described for computing radiative heat transfer in a room with wall
strips. RADSTRIP treats all strip temperatures independently. RADSTRIPO, a simpli-
fied version of RADSTRIP, lumps strips together and uses RAD4[4] (a four wall radiation
model) to compute the radiative heat exchange.

2 Conduction - Inter-compartment heat transfer

2.1 Overview

Modeling inter-compartment heat transfer (ICHT) is analogous to modeling vent flow. Both
models require data structures describing how walls or vents connect adjacent compart-
ments. Both models compute energy flow between compartments; the ICHT model uses
the heat equation while the vent flow model uses an integrated form of Bernoulli’s law. The
vent flow model also calculates mass transfer.

This section presents a method for modeling energy transfer between compartments
using the heat equation. The fundamental modeling structure for this transfer will be a
partition. A series of partitions are “assembled” to form a compartment. Each compartment
is composed of six partitions corresponding to the front, right, back and left walls and the
floor and ceiling. Each partition connects two compartments (one of the compartments may
be the outside). Heat is transferred or conducted across a partition using the heat equation
given the appropriate convective and radiative flux boundary conditions for each side of the
partition.

In general, a three dimensional (3D), time dependent, heat conduction problem must be
solved to model heat transfer in an arbitrary three dimensional structure. This is generally

IRadiation exchange is presently computed between four independent wall surfaces (floor, lower and
upper walls and ceiling)



not necessary in a zone fire model. Modeling the one dimensional (1D) temperature varia-
tion through ceiling and floors is sufficient to model heat transfer between floors. Modeling
two dimensional (2D) temperature variation through a wall and vertically in a wall is suffi-
cient to model heat transfer between compartments which share a common wall. Further,
because the wall thickness is typically much smaller than the other two dimensions, verti-
cal variation can be adequately modeled by dividing the wall into a number of horizontal
strips and by solving a 1D heat conduction problem in each strip. This is referred to as
the multiple 1D method. A full 2D solution is only needed for extremely thick walls. The
work in [2] uses the Alternating Direction Method (ADI) of Peaceman and Rachford (PR)
documented in reference [5] to handle both the multiple 1D and the 2D cases.

2.2 The heat equation

The equation for modeling heat flow in a wall with depth W and height Y (we assume that
there is no temperature gradient along the width of the slab) can be written

EV t = - ¢ uu
at (xyy) ) o (ax2 (x,)’, )+ay2 (x,y,t)) (1)
du . 7
-K a(O,y7 f) = g/mterior  jmnterior >
du . '
—-K E(W’ wt) = qg%tenor + qrr/fdxtenor 3
d
d_;l(x701t) =0 (4)
d
d—;(x,Y,t) = 0 (5)
0 < x<W ©
o<t (N
0 < t. )

where u is temperature, o = k/(pc) is thermal diffusivity, k is thermal conductivity, p is
density and c is specific heat and x and y are spatial coordinates within the wall and ¢ is time.
Flux boundary conditions are used at the interior and exterior partition surfaces. Insulating
boundary conditions are used at all other surfaces?.

To examine 2D vs 1D heat conduction, change variables in the above heat equation
using £ = x/W, § = y/Y and U (%,9,t) = u(x,y,t) to obtain

o0 . . 100, .., 100, .
E(xa)’ﬂ) = a(ﬁﬁ(x’y’t)_l_ﬁﬁ(x’y’t)) 9

2The top and bottom surfaces of the partition.
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Figure 1: Computational Grid for the PR Method.

2717 277
= a(%(f,y,tHe%z](f,y‘,t)) (10)
0 < %<1 (11)
0 < y<1 (12)
0 < t (13)

where € = (W/Y)? and & = o/ W?.
For thin wall materials typically found in fire scenarios it can be demonstrated that the
ratio

<< 1 (14)

and therefore for most problems the multiple 1D method is adequate for modeling heat
transfer between compartments which share a common wall.

2.3 The discretized heat equation, the PR method

Consider a 2D wall section with an x-axis through the wall and a y-axis from bottom to top
as shown in Figure 1. Divide the inside surface (x = 0) of the wall into k “real” horizontal
strips of equal height Ay and then add a “phantom” strip at the top and bottom of the wall.
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Starting at the center of each strip, define a horizontal line in the x-direction containing n
points with the last point on the outside surface of the wall. These points are closer together
near the endpoints of the lines (wall surfaces) in order to obtain a more accurate approxi-
mation of the heat flux there. This yields m = k + 2 horizontal lines in the x-direction, each
containing » points. This set of nm points are vertices in an x-y rectangular grid made up
of m lines in the x-direction and » lines in the y-direction.

An outline of a time step of the PR method follows.

1. Starting at time ¢, advance to time ¢ + At /2 by solving a 1D heat conduction problem
along each of n— 2 interior vertical lines in the y-direction. At the ends of these
vertical lines (top and bottom of the wall), apply implicit (time ¢ + At /2) boundary
conditions. At the interior points of these vertical lines, use an implicit (time ¢ + Az /2)
centered difference approximation to uy,, and use a time-lagged (time ?) centered dif-
ference approximation to uy, using values already computed at time . Use a forward
difference approximation for u;. Each resulting discretized heat equation (one heat
equation for each vertical line) is tri-diagonal and uses an identical coefficient ma-
trix. Therefore this matrix is factored only once and used to solve the heat conduction
problem for each vertical line. At this point, n— 2, 1D heat conduction problems with
source terms have been solved.

2. Next, advance to time ¢ + At by solving a 1D heat conduction problem along the k&
“real” horizontal lines in the x-direction (don’t solve along the phantom lines). At the
ends (x = 0 and x = W) apply convective and radiative boundary conditions. At the
interior points along these lines, use a time-lagged (time ¢ 4- Az /2) centered difference
approximation to uyy, and use an implicit (time ¢ + Ar) centered difference approx-
imation to u,,. Use a forward difference approximation for u,. Again, each heat
equation (this time in the horizontal direction) requires the solution of a tridiagonal
system with the same coefficient matrix.

The PR method uses the following difference approximations to discretize equation (1).
Let U j, = u(xi,yj,t), Ax; = x;41 — X;, and Ay = y; 1 —y;. Note that the spacing is uniform
only in the y-direction and that each approximated second derivative contains three terms.

azu (X' , t) ~UXX; ; = 2 U; . 2 U: :
axz l)y]7 ~ L,Jjf = A.x,(Ax,+Ax_1) ’_17Jvt Axle'_l L,],t
2
Uit 15
+Ax,-_1(Ax,-+Axi_1) i+1,j¢ ( )
a—yl;(xi’y.ht) ~ UY}Iini:t = l7]+1,l A;é’t - l,t ’ (16)

The PR equations for the 1D solutions obtained by discretizing the heat equation at the
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interior points along the vertical lines in the y-direction are

Ul,j,I+At/2 - Uivjvt
AJ2

= [UXXyj,+UYY, jinipa (17)

Equations for the boundary conditions at the endpoints of these lines must be included.
For each i in equation (17), a tridiagonal linear system is obtained. The PR equations for
the 1D solutions obtained by discretizing the heat equation at the interior points along the
horizontal lines in the x-direction are

Uijoras = Ui jrrny2
At/2

= o [UXX, jya+ U,y (18)

Equations for the boundary conditions at the endpoints of these lines must be included. For
each j, a tridiagonal linear system is obtained. If the solutions in the y-direction are omitted
and At /2 is replaced by At, the PR method becomes the multiple 1D method.

3 Radiation - Heat transfer between walls divided into
horizontal strips

3.1 Overview

Consider a compartment, illustrated in Figure 2, with a floor, ceiling and four side walls.
Each side wall is divided into M horizontal strips. This compartment then has N = 4M +2
wall surfaces. This section documents procedures for calculating the radiation exchange
between these N surfaces, two gas layers and a collection of point source fires. The com-
puter time required to perform these calculations can easily dominate a zone fire modeling
calculation if careful attention is not given to how they are performed. Two facts about this
problem scenario can be exploited.

First, the proposed problem is highly symmetric. Opposite walls are parallel, joining
walls are perpendicular. Strip sizes and locations are the same on opposite walls. Wall
surface geometries are fixed in time. As a result, it is shown how the required (4M + 2)?
configuration factors can be computed algebraically (i.e. no expressions involving expen-
sive to compute transcendental functions such as tan or In, efc.) from a subset of SM + 1
configuration factors computed directly. Unlike the four-wall radiation model presented
in [3, 4] the configuration factors here need only be computed once since the wall surface
geometry is fixed in time.

Second, for wall surfaces that are nearly black3, the linear systems arising from the net
radiation equations are highly diagonally dominant. Iterative methods, which in this case

3emissivities close to one
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Figure 2: Setup for radiation heat transfer calculation in a room whose walls are divided
into M horizontal strips. The faces or wall surfaces are labeled u, f, r, b, I and d for
top, front, right, back, left and down respectively. The width, length and height of the
compartment are given by W, L and H respectively. The #’th strip from the top of the right
face is given by r;. Strips for other faces are indicated similarly.

are much more efficient than direct methods such as Gaussian elimination, can then be used
to solve the required linear system yielding the net fluxes.

3.2 The Net Radiation Equation

Given a collection of N wall surfaces, labeled k = 1,---,N, the net flux, Ag}, incident on
the k'th wall surface is given by (see equation (17-10) in [6])

N

1_€J'A "g —oT?
> qjle—jTj—k =0l —
=1 &

Ady

Ck
GTka_jTj_k — (19)
€

N
j=1 %

where Fy_; is the fraction of radiant energy given off by surface k that is intercepted by
surface j and T;_y is the fraction of radiant energy passing unimpeded from surface j to
surface k, 7} and g are the temperature and emissivity of the kth surface and c;/a; is the

heat flux striking surface k due to fire and gas layer emission. The term ¢ /ay is given by

c .
o= ¥ (e )+ X d @0)
k panels j fires f
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Figure 3: Input and Output Energy Distribution at the k’th Wall Surface

where ¢/ + is given by equation (89), 4" 5."_32” is given by equation (90) and g ?f,'fs is given

by equation (91). The radiative interaction at a single wall surface is illustrated in Figure 3
where A, &, Tt, q}'(” and Ag; are the area, emissivity, temperature, incoming radiative heat
flux and net radiative heat flux at the k’th wall surface respectively.

The flux calculated in (19) can be used as a boundary condition for an associated heat
conduction problem in order to compute wall surface temperatures at a subsequent time

step.
To make the equations more compact, define
1 j=k
Ayp = : 21
/ { —(1—&))F—jtjk jFk )
1 j=k
By = : 22
s { —F-jtik JFk 22)
& 4
b, = GEBjij +ck/ak (23)
j=1
= Agi/e (24)
then equation (19) reduces to
Ax=b (25)

which can be solved directly using the Linpack routines DGEFA and DGESL[7] or itera-
tively using a method such as Gauss-Seidel[8]. In order to solve for the net fluxes, Ag],

8
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Figure 4: Configuration Factor Setup For Pairs of Parallel and Perpendicular Rectangles

in (19) or (25) configuration factors, F;_;, transmissivities, T;_ and gas and fire radiative
contributions, ¢, must first be computed. These computations are discussed in the next two
sections.

3.2.1 Configuration Factor Calculations

In general (4M + 2)? configuration factors need to be computed in order to solve (19) for
the net fluxes, Ag”. Due to the symmetry present in the problem illustrated in Figure 2
(horizontal strips on opposite faces are the same size) the number of configuration factors
required to be computed directly in (19) can be reduced to approximately SM. For M = 10,
50 configuration factors must be computed directly rather than 1764.

Parallel and Perpendicular Configuration Factor Formulas Consider two mutually
perpendicular rectangles having a common edge of length [ as illustrated in Figure 4.

The dimension of the “from” rectangle is / X w and the dimension of the “to” rectangle
is I x h. The configuration factor, ¢p.,,(h,1,w), from rectangle 1 to 2 is then

o= ¢perp(h>l,w) =
1 1 1 5 > —1 1
—WTan"' —+HTan™ — -V H*+W<Tan~T' ——+

W W H ,/H2+W2
2

1) WA +HD [ W2(1+ H2 + W?) v

4 1+H?+W?2 | (14+W?)(H2+W?)

(26)

B2 +H2+w2) 17
% [(1 +W2)(H2+W2)]

where H = h/l and W = w/I. This formula is found in [6, p. 825].

We also need to compute the configuration factor between two identical, parallel, di-
rectly opposed rectangles. This situation is illustrated in Figure 4. The distance between the

9



two rectangles is ¢. The length and width of these rectangles is a and b. The configuration
factor, ¢pqr(a,b,c) between these two rectangles is then

Fi» —¢par(a b,c)

(1+X2)(1+¥?) y
XV11Y2T
nXY \/ Trx2pyz AVIEERE e

_+_

X2 .
Yv1+X2Tan™ 1+X2} @7)

where X = a/c and Y = b/c. This formula is symmetric in X and Y. It can be found in
[6, p. 824]. Equations (26) and (27) will be used to compute configuration factors between
every pair of panels/strips.

Configuration Factors Between Wall Strips Let the faces in Figure 2 be labeled: u, f,
r, b, | and d for up, front, right, back, left and down respectively. Assume that the vertical
faces labled: front, right, back and left are divided into M horizontal strips of equal height.
Strips on faces f and b each have equal area. Similarly, strips on faces r and / each have
equal area.

The notation, F;—n, denotes the configuration factor from the j'th strip on face m to
the k'th strip on face n where m and n can be any of u, f,r, b,/ ordand 1 < j,k <M. Note
that the top and bottom faces are not divided into strips.

To compute the (4M + 2)2 configuration factors, first compute the parallel configuration
factor between the up and down surface:

Fira = Opar(W,L,H) (28)

Next, using AH = H/M and i = 1,---,M compute the configuration factors between sur-
face u to each f;; surface u to each r;; surface fi to each r;; surface fj to each b;; and surface
ri to each /; using:

Fufy = Operp(iAH,W,L) — dperp((i — 1)AH, W, L) (29)

Fyr, = ¢P€rp(iAH’L7 W) - q)PerP((i —1)AH,L, W) (30)
¢perp(L,AH,W) i=1

Ffior, = § (@perp(L,iAH, W)= (i = 1)0perp(L, (i — 1)AH, W)~ (3D
Operp (L, AH,W))/2 i1
Opar(AH,W, L) i=1

Ff1 - = (i¢Par(iAHaW7 L) - (i - 1)¢Par((i - 1)AH7W7 L)_ (32)
Opar(AH,W,L))/2 i#1

10
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Figure 5: Diagram illustrating the configuration factor identity, A, F,_4 = AcqaFp—_4, Where
A,y denotes the combined areas of surfaces a and b and A, is defined analogously.

Opar (AH,L,W) i=1
Fryy, = $ (ipar(AH,LW) — (i — 1)0par((i — 1)AH,L,W)— (33)
Opar(AH,L,W))/2 i1

The above configuration factors can be derived using the identity illustrated in Figure 5
and
AwFap—ca = Aafa—ca +ApFp—cd
As(Fa—c+ Fo—a) +Ap(Fo—c + Fop—g)

= Aaly—c+2A.F,_3+ApFp g (34)
ApFp_cqg —AcFa—c —ApFp_
Fa—d — ablab—cd c; a—c bL'b—d i (35)
For example, to derive equation (31), let A, = WAH, A, = W(i — 1)AH, A, = LAH and

Ag=(i—1)AHL.
Finally use these 5M + 1 configuration factors to compute all (4M + 2)? configuration
factors in the following way.

Factors from surface u

Fip, = Fu_y (36)
Fu—l,- = Fyn, (37)

11



Factors F,_g4, F,—y, and F,_;, are defined using equations (28), (29) and (30) respectively.

Factors from surface f;

Ffi—rj Fy, ~T14]j~i] (38)
Ffb; = Frbiyy (39)
Fr—i; = Fpry =Ffir ;4 (40)
Ay
Fp_qg = Fry=-—F 41
u Afl U
where A, = LW, Ay, = WAH and A, /Ay, = L/AH.
Factors from surface r;
Ag,
Fri——bj - Fr,-—fj = A—r-_Ffj_ri (42)
ey = F ri=hj-y 43)
A
Fr,-—-d = Fr,-—u = A_uFu—r,- (44)
Ti
where A,, = LAH, Ay, /A, =W /L and A, /A, =W /AH.
Factors from surface b;
Fb,-—rj - Fb,‘—lj :Ff,‘—rj (45)
Ay
Fpra = Fpy=Fpu= X‘Fu—f; (46)
fi
By = Ffp,=Fp —b14)j-i] (47)

Factors from surface /; By symmetry, a configuration factor from a left face /; to any face
xy is identical to the configuration factor from the corresponding right face r; or equivalently

Fisy = Fry, (48)

—Xy

Factors from surface d By symmetry, a configuration factor from face d to any face x,
is identical to the configuration factor from face u or equivalently

Fiy, = Fu, (49)

—Xy

12
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(XK:YioZk )
Lower Layer

Figure 6: Cross-sectional view of a compartment with wall surfaces j and k. The path
between j and k has length L. The portion of the path in the lower layer has length LF and
the portion in the upper layer has length LY.

3.2.2 Transmissivities

The transmissivity, T;_g, in equation (19) is given by T;_; = exp(—ayL)exp(—arL*)
where a; and ay are the absorptivities of the lower and upper layers respectively and L-
and LU are the path lengths from j to & in the lower layer and upper layer respectively as
illustrated in Figure 6.

The quantities, L* and LY, can be computed using proportionalities. First note that the
distance L from panels j to k is given by

L=/ =32+ 0 =3+ 25— 2 (50)

where (x;,y;,z;) and (xi,yx,2x) are the center coordinates of panels j and k. The distances,
LE and LY are given by

1 2j 2 Yiay and z; > Yiay

LU/L = (maX(Zj,Zk) —ylay)/|zj _Zkl Zj 2 Ylay > Zp Or Zp > Yiay > 7 (51)
0 Yiay 2 Zj and yjgy > 2x

= -1 (52)

The fraction of radiant energy, ‘c’?’:l_l,’g, transmitted through the upper layer between the

m’th strip of face j and the n’th strip of face k is given by

Y = exp(—auLl_y,) (53)

13



wall,U
Jm—"n

wall U
fm—bn

wall,U
T fon—tn

wall,U
T fn—d
,cwall U

rm—bn

Twall U

rm—In

wall,U
Trm —d
wall,U
=1y
wall U
Tbm—d

Also note that by symmetry

( 11U
T Zm > Yiay and zp > Viay

h “F4)m-n|
§ 1 ” Zm < Yiay and zp < Yiay
| exp(—ayL; ) otherwise
¢ _wall,U
1014 pmn| Zm > Yiay and 2, > Yigy
<1 Zm < Yigy and z, < yigy
U .
| exp(—ayl; ) otherwise
wall,U
Tfm—rn
—anl¥Y
exp(—ay fm—d)
wall,U
Tfm'_"n
11U
r;a—’l+|m—n] Zm > Yiay and z, > Yiay
1 Zm < Yiay and z, < Yiay

exp(—ayLy _, ) otherwise

U
exp(—auLl,_,)
wall, U
Tfm—rn
wall,U
T fn—d

wallU ,cwall,U
jm _kn - kn‘—jm

where faces j and k can be any of u, f, r, b, I, d.

wall,L

(54)

(55)

(56)
(57)
(58)

(59)

(60)
(61)
(62)

(63)

Similarly, the fraction of radiant energy, T i transmitted through the lower layer
between the m’th strip of face j and the »’th strip of face k is given by

wall L

Tu —Jn

wall L
Tfm—"n

wall L

T fru—bn

wall L
Sn—ln
wall L
fm—d

T

T

exp(—aLLIu‘_ )
(pralll

4 ATt 4men] Zm < Yigy and zp < Yiay
1

Zm > Ylay and z, > Yiay
\ exp(—aLngm_rn) otherwise

( .wall L
Fi=b1 ] Zm < Yigy and zp < Ygy

\ exp(—aLL?m_bn) otherwise

wall L
Tfm‘—rn

exp(—aLLfcm_d)
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,cwal 1L ,cwal I,L ( 69)

Tm—bn fm—"n
1L
Za—ll Zm < Yiay and zp < Yigy
wallL Hm—n| 70
Vil — 1 Zm > Yiay and z, > Yiay (70)
exp(—ar Ll _, ) otherwise
wall L L
Ty = exp(—arL; ;) (71)
alll L all,L
Contn = Vs (72)
wall L _ _wall L
Cop—d — Vfu—d (73)
Again note that by symmetry
wall,L _ _wall L
Vintn = Vkn—im (74)

where faces jand k canbe any of u, f, r, b, [, d.
The fractions of radiant energy, ‘r{c’r‘;c and ‘cf"e U transmitted through the lower and
upper layers between the f’th fire and the »’th strip of face k are given by

fzre,L _ 1 Zf 2 Yiay and z; > Yiay (75)
ke exp(—arLF) otherwise

ftre v _ 1 Zf <Vlay and z; < Yiay

Tk = { exp(—ayLV) otherwise ' (76)

3.2.3 Solid angles

A solid angle of an object with respect to a point xy is the area intercepted on a unit sphere
by a conical angle originating at the sphere center. In our application a solid angle is used
to determine the fraction of a radiating point source fire that strikes a surface.

In this section we wish to find the solid angle between a point x; and a triangle formed
by arbitrary points £;, £, and £3. The solid angle of any object can then be found by
triangulating the object.

First we subtract off the point x; from each %; to obtain

Xi = 32,- —Xf (77)
Let r be the length of the shortest vector x;

o= min(|x ] |peal], sl ) (78)

where || - || has the usual meaning ||a|| = /a2 4 a2 +aZ for the vector a = (ay,ay,a;). Let
P1, P2, p3 be points on a sphere of radius r co-linear with x; and the zero vector. The point
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Figure 7: Solid Angle Setup For an Arbitrarily Oriented Triangle

93

r p3

Figure 8: Solid Angle Setup For an Arbitrarily Oriented Triangle
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p; is then given by
pi = o (79)
' [l

These points then form a “spherical” triangle. The area of this triangle normalized by r? is
then the solid angle which we are seeking.
Let s; be the distances between between the points p;, p; and p3 given by

s1 = |lp2—psl| (80)
s2 = ||lp1—psll (81)
s3 = |lp1—p2l| (82)

The angle corresponding to s; is denoted 6;. The cosine and sine of this angle can be found
using [9, p. 238] and is given by

§2

cosf; = 1-— i (83)

2
ino: — ﬁ,/ _ i
sin®;, = . 1 e (84)

The angle opposite of side with length s; is denoted ; and is given by
cos0; — [I°_, cos8;
y; = arccos : 3 J_—l d (85)
IT;=;sin8;

Finally the solid angle of a triangle with points, x1, x; and x3 with respect to x; is given
by

Y(xs,x1,%2,%3) = Y1+Wo+y;—= (86)

The solid angle of a parallelogram k with base point x;, and direction vectors di, and dj,

with respect to the base point of a fire x; can be found by dividing the parallelogram into
two tri-angles and is given by

Of_k = (x5, Xp, Xey + s Xpy +diy) + 87)

W(xp, Xk, +diy Xe, +di, + iy X, +d,) (88)

3.2.4 Computing the source term, ¢

Contributions from Fires If gy is the energy release rate of a fire and y is the fraction of
the fire that radiates then the flux striking the k£’th surface due to fire f is

nfire . Of—k _firelL_fireU
9k =X Anay 9Tk Vrok (89)
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leaving surface j q°Ut

deposited in gout 0&"
upper layer 1 kK

P arrivingat gout .y
interface  j  “j-k

deposited in ,out, U

L
lower layer j-kaj-k

arriving at qout £ U gL
rectangle | Kk ik

Figure 9: Schematic illustrating energy deposited into the upper layer, the lower layer and
arriving at the k’th wall surface due to the j'th wall surface.

Contributions From Gas Layers The flux striking a wall panel &k due to the lower and
upper gas layer along a path from panel j to k is given by

0 Zj > Viay and z > Yiay
qﬂﬁfgs = { oF_ok T} 2k < Yiay (90)
O-Fk—jaj_kaT?_k Zj <lay and zx > yiay
nU.gas (()5 F U 74 & < iay andz < Yiay
e = =% Ty 2k > Yiay 2]

4.U
O'Fk_jOLj_kTU‘Cj__k Zj > Yiay and z; < Viay

3.2.5 Radiant Heat Absorbed by Gas Layers

Contributions from Walls The total heat (including re-radiation), q‘]’.‘i’ , emitted by panel
j along a direction towards the panel k is illustrated in Figure 9 and given by

1—¢g;
972 = AjFj4 (GTf - '—8_—]/3619'/> (92)
j
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The radiant heat absorbed by the upper and lower gas layers due to this emission is given
by (see Tables 2 and 3 in [3])

( wall,L

t
L q"ﬁka] Z2j < Yiay
wa — t wall L, wall L
ik = G5 2> Yiay and zx < Yiqy (93)
; 0 Zj > Yiay and zx > yigy
¢ wall,U
" q‘]"jka ik Zj > Yiay
wa — t wall U wall U
ik = 9% Tk 2 <Diay and z > yiqy 94
. 0 Zj > Yigy and zx > Yiay

Contributions from Gas Layers Let Q?‘is,;L and Qﬁf‘f,;U be given by

J.‘_’ka = A F_kocw"”UoT“ (96)

Then the radiant heat absorbed by the upper and lower gas layers due to gas layer emission
is

ans L i >y
J ay
gas, L U 1L L
q]—k - ﬁ Q‘j‘isk O('wfk Q?fl.sk Zj < Viay and z; > Yiay 97)
\ 0 Zj < Yiay and < Ylay
ans v Zj < Yiay
as,U  _ as,L wall U gas 98
ik < Qg Q Zj > Yiay and zx < Yiay (98)
Zj > Yiay and zx > Yiay

" ftre

Contributions from Fires Letg,~ x q . Then the radiant heat absorbed by the
upper and lower gas layers due to re ermssmn is illustrated by Figure 10 and given by

.
(e, <o
it = 4 el q > iy and < ©9)
Zj > Yigy and z¢ > yiqy
( _lfire U
ol df_x & Zj > Yiay
gl = q}f’,:eaU Ay 25 < Viay and 2 > Yigy (100)
L 0 2j < Yiay and zx < Yigy
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Figure 10: Schematic illustrating energy deposited into the lower layer, into the upper layer,
and arriving at the k'th wall surface due to the f'th fire.
3.3 Solution Properties

The number of iterations required to solve the linear system of equations defined by (19)
can be estimated using the gas layer absorptivities and the wall emissivities. The matrix
form of (19) can be written as

Ax=b>b (101)
where the jk'th component of A is given by
Ajk = 8jk'—(1_8j)Fk—-jTj——k (102)

and & is the kroneker delta function, the k’th component of x is given by b, = Ag;/ /€, and
the k'th component of b is given by

b= Sjko-Tk4 - O'Tka_jTj__k - ck/ak. (103)

The iteration
xg = b, (104)
Yorl = b—(I—A)x, (105)

converges to A~ 1, the solution of both (19) and (101).
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Expanding the iteration (105) for several iterations, we find that

xo = b (106)

xi = b—(I—A)b (107)

x, = b—(I—-Ab—(I-A)% (108)

5 (109)

Xy = [i(I—A)i b (110)
i=0

= AT (I-(1-A)")b. (111)

The solution of (101) converges (to A~!5) if ||I— A||. < 1. Let p = maxt;_(1 —¢;) .
Then

N
|T-Alle = max Y, Fy_jTj_4&; (112)
j=1
< p. (113)
b=l = [[ATI- (- Ay )b— A" (114)
lA~! (T— A)" o]l (115)
< AT op™ 1Bl (116)

Suppose that each wall surface has an emissivity of € = 0.9 Then p < 1-0.9 =0.10.
If the error in the initial guess is 1, i.e. ||b|| = 1 then the error in the net radiation flux
calculated iteratively using equations (19) and (105) after 5 iterations is smaller than p5 =
1072,

Mathematically, the number of iterations required for convergence is related to the ma-
trix norm, ||I— A||., Where the jk'th component of A is given by

Ajp = dp—(1-€)F_jTjx (117)

and & is the kroneker delta function.

4 RADSTRIPO - A simplified approach to computing ra-
diation exchange

The discussion in previous sections assumes that wall strip surface temperatures are in-
dependent. The approach described here uses the simpler RAD4 radiation algorithm in
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conjunction with wall strip heat conduction by combining several wall strips into one for
the purposes of a radiation exchange algorithm. The algorithms used to implement RAD-
STRIP may be simplified considerably (at the expense of accuracy) by grouping several
wall strips into one surface and then choosing appropriate temperatures to represent the
overall surface. For example, consider the strips on the right face in Figure 2. The total
energy radiated by these strips is found by summing the contributions from each strip to
obtain

Eiw =0 Y o Ty (118)
k

where Y, sums over all surfaces of interest. Assume that there is no mutual interaction
between the strips. An average temperature may then be obtained by estimating an average
emissivity and requiring the average temperature to satisfy the relation

Eyor = otavgTavg Y, 0k (119)
k

If eavg is the arithmetic average based on strip emissivities where areas are used as weights
ie.

Y1
favg = 20k

(120)

then Tayg may be approximated using

akEkT4
Tave = {/ Sk R 121
ave 2k AK€k (121)

Radiation exchange between all wall surfaces then estimated by 1) computing Tavg values
for strips forming upper and lower walls 2) passing these temperatures to RAD4 (along
with ceiling and floor temperatures), 3) using fluxes computed by RAD4 for upper and
lower walls to estimate fluxes for each wall strip.

5 Summary

Inter-compartment heat transport theory and algorithms based on the work of Moss[2] were
presented. New radiative heat transfer algorithms were designed in order to provide bound-
ary conditions consistent with the conduction algorithms. Convection algorithms remain
substantially the same as are now present in CFAST 3.1.3. Procedures are outlined in the
appendices on how these algorithms may be implemented in the zone fire model CFAST.
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A Implementation of an Inter-compartment heat transfer

algorithm.

A.1 Data Structures

The required data structures required to implement inter-compartment heat transfer are

listed below.

ihpart
ihwall

iside

TPARTINFOH(ihpart,j)

IPARTINFOV (ivpart,)

IRMPART (iroom,j)
ivpart

ivstrip

MXHPART
MXVPART
NVPART

NHPART

An index used to specify the horizontal partition number.

An index used to specify whether the surface is a ceiling
(ihwall=1) or a floor (ihwall=2).

An index used by the second component of the flux arrays;
iside=1 corresponds to the front, while iside=2 corresponds
to the back of the partition.

This integer array gives integer info about horizontal (floor
and ceiling) partitions (j=1 indicates the room number asso-
ciated with side one of the partition, j=2 indicates the room
number associated with side two).

This integer array gives integer info about vertical (the walls)
partitions (again j=1 indicates the room number associated
with side one of the partition, j=2 indicates the room number
associated with side two).

The partitions associated with each room. The index values
j=1 to j=6 give the partition numbers associated with the
iroom’th room.

An index used to specify the vertical partition number.

An index used to specify the strip number on a vertical par-
tition (a wall).

The number of horizontal partitions dimensioned in CFAST
(equal to two times the number of rooms).

The number of vertical partitions dimensioned in CFAST
(equal to four times the number of rooms).

The actual number of vertical partitions used in a particular
CFAST run.

The actual number of horizontal partitions used in a particu-
lar CFAST run. the number of rooms).
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UFLUXCH(ihwall,ihpart,iside) Convective fluxes at the front and back of each hori-
zontal partition.

UFLUXCV (ivstrip,ivpart,iside) =~ Convective fluxes at the front and back of each vertical
partition strip.

UFLUXRH(ihwall,ihpart,iside) Radiative fluxes at the front and back of each horizon-
tal partition.

UFLUXRV(ivstrip,ivpart,iside) ~ Radiative fluxes at the front and back of each vertical
partition strip.

UFLUXTH(ihwall,ihpart,iside) =~ Total (radiative plus convective) fluxes at the front and
back of each horizontal partition.

UFLUXTYV (ivstrip,ivpart,iside) Total (radiative plus convective) fluxes at the front and
back of each vertical partition strip.

UTEMPH(NWALLX ,MSTRIP,ihpart) = Temperature profile in horizontal wall partitions.
UTEMPV(NWALLX ,MSTRIP,ivpart) = Temperature profile in vertical wall partitions.

A.2 Algorithms

The algorithm for computing inter-compartment heat transfer may be summarized by

1. Assume an environment provided by DASSL, i.e. interior gas temperatures for each
compartment and surface partition temperatures.

2. Given this environment compute radiative and convective fluxes for each partition
strip using the algorithms described in either sections B.2 or 3.3. Store the fluxes in
UFLUXTH for the floor and ceiling and UFLUXTYV for the four vertical walls.

3. Update the temperature profile within each partition using equation (17) if 1D heat
conduction is modeled or both equations (17) and (18) if 2D heat conduction is mod-
eled. Compute the “Fourier” residual ¢’ + K g% for each partition strip.

DASSL provides a new environment in step 1. until the “Fourier” residual is reduced to
essentially zero in step 3.

B Implementation

B.1 Data Structures

AMAT(NPAN,NPAN) coefficient matrix on left hand side of the net radiation equa-
tion

26



AREA(NPAN)
BMAT(NPAN,NPAN)

FIG(NPAN,NPAN)
MSTRIP

NPAN
SOLF(NFIRE,NPAN)
TAUL(NPAN,NPAN)
TAUU(NPAN,NPAN)
TAUFL(NFIRE,NPAN)
TAUFU(NFIRE,NPAN)
TPAN(NPAN)
XSOLN(NPAN)

B.2 Algorithms

Area of each panel

coefficient matrix on right hand side of the net radiation equa-
tion

matrix of configuration factors

Number of strips in each vertical wall surface

Total number of wall panels in a compartment (equal to 4*MSTRIP+2)
Solid angle from each fire to each panel

Lower layer transmissivity between wall panels.

Upper layer transmissivity between wall panels.

Lower layer transmissivity between fires and wall panels.

Upper layer transmissivity between fires and wall panels.

Surface temperature of each panel

Stores the solution to the net radiation equation

1. Assume that the Temperature, T, emissivity, €, and area, A, of each panel are given
and stored in TPAN, EMIS and AREA.

2. Compute Configuration Factors (this only needs to be done once for each room)

(a) Compute configuration factor subset given by equations (29) to (33) and store
results in appropriate columns of FIG.

(b) Compute the rest of FIG using equations (36) to (49)

3. Compute the net flux striking each wall panel

(a) Compute gas transmissivities
For each panel j =1 to 4M + 2 and for each panel k = j+1 to 4M 42
i. Compute L, LF, LY using equations (50), (51) and (52)
ii. Compute T?—k using equations (53) to (62). Store the result into TAUU.

iii. Compute t’]f_k using equations (64) to (73). Store the result into TAUL.

(b) Compute fire transmissivities For each fire f and for each panel k =1 to 4M +2
i. Compute L, LE LY using equations (50), (51) and (52)
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ii. Compute T;i_rz’u, rf'_rZL using equations (75) and (76). Store the result into
TAUFU and TA .

(c) Compute fire solid angles using (87). Store the result into SOLF.

(d) Compute the flux from each fire f to each panel k£ using equation (89). Store
the result into CGASFIRE.

(e) Compute the flux from each gas layer to each panel k using equations (90) and
(91). Accumulate the results into CGASFIRE.

(f) Compute matrices and vectors in the net radiation equation .
i. Compute AMAT(J,K) = Ak using equation (21).
ii. Compute BMAT(J,K) = B;x using equation (22).
iii. Compute B(K) = bk using equation (23).
(g) Solve Ax = b. The net flux striking each panel k is given by x&;.

4. Compute the radiant heat absorbed by each gas layer

(a) compute QOUT, the total radiant flux emitted by a panel j towards a panel &
using equation (92).

(b) compute the radiant heat absorbed by the lower and upper layers due to wall
emission using equations (93) and (94).

(c) compute the radiant heat absorbed by the lower and upper layers due to gas
layer emission using equations (97) and (98).

(d) compute the radiant heat absorbed by the lower and upper layers due to fires
using equations (99) and (100).
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